Here we present the relative sensitivity of EUV resists to out of band radiation (OOB), specifically wavelengths in the range 157 -400 nm. EUV light sources have specifications limiting the allowed energy output in that spectral range yet there is little data supporting the specified values. Filters might be required to meet the spectral purity specifications which will likely have the detrimental effect of reducing the in-band radiation at 13.5 nm and therefore negatively impact the cost of ownership of EUV lithography. To better quantify the effects of OOB we obtained contrast curves and absorbance spectra for several EUV resist platforms at nine exposure wavelengths. The 2007 ITRS Roadmap suggests that resist thicknesses will be near 35 -65 nm when EUV will be used 1 . We found that, in this optically thin regime, resist sensitivity increases with increasing absorbance. The sensitivity decreases dramatically for wavelengths approaching 300 nm, and is negligible for longer wavelengths. The OOB sensitivity of the resists examined can be estimated to within an order of magnitude using the resist absorbance value. For resists with absorbance values on the same order of magnitude, sensitivity is determined by other aspects of the resist formulation. Within the wavelength region explored, the greatest concern is near 160 -240 nm based on current resist sensitivity characteristics. However, there is a gap in data between 13.5 -157 nm and there may be other reasons to limit the source output in that wavelength range. The data presented here could be useful in setting or modifying the OOB specifications for EUV tools.
INTRODUCTION
EUV Lithography is being developed as a potential successor to 193 nm lithography for printing the smallest microprocessor features 2 . Resists developed for EUV are typically based on modifications to materials developed for other lithographic exposures, specifically 248 nm, 193 nm, and e-beam 3 . Therefore, EUV resists are sensitive to radiation other than 13.5 nm, as has been demonstrated [4] [5] [6] . EUV sources produce light over a wide spectral range [7] [8] [9] [10] . The multilayer coated (MLC) mirrors used in the optics are effective at narrowing the EUV spectral output to peak at 13.5 nm with a bandwidth of ±2%. However, the mirrors also reflect other wavelengths. If OOB light produced by the source reaches the wafer plane, and the resist is sensitive to that light, then contrast will be reduced resulting in degraded imaging performance 6 . The purpose of this study is to characterize the sensitivity of typical EUV resists to OOB radiation. Mbanao et al. measured the sensitivity of 4 resists in the spectral range 190-650 nm 5 . The study presented here extends the spectral range down to 157 nm and includes a wider breadth of resist types with data collected on 13 different materials. Moreover, all resists in this study were 60 nm thick (which is expected to be relevant when EUV is implemented), and bottom anti-reflective coatings (BARCs) were used to reduce the effects of substrate reflection on the clearing dose.
EXPERIMENTAL

Photoresist materials
When selecting materials we strove to cover a wide range of resist platforms and included both fully formulated topperforming proprietary resists as well as published model resists (see Table 1 ). Seven of the resists selected are provided by commercial suppliers. The specific formulations are not public but they represent a broad range of materials including ones that use 1) polystyrene (PS) type polymers developed for 248 nm lithography -predominately comprised of aromatic monomers such as hydroxystyrene, 2) acrylate type polymers developed for 193 nm lithography, and 3) hybrid polymers useful as one approach to EUVL. This last category includes polymers comprised of both PS type and acrylate type monomers as well as acrylate polymers with EUV (phenolic) sensitizers 11 . The commercial resists include traditional formulations with the photoacid generator (PAG) blended into the resist as well as resists in which the PAG is anchored to the polymer backbone. Several of the resists have been the leading EUV platform at Intel within the last two years (based on resolution, line-width roughness, and sensitivity), and 3 of the resists have identical formulations except for the base quencher loading level.
Resist Code
Resist Name The model resists also include PS, acrylate, and hybrid PS-acrylate polymers, as well as a fluoropolymer initially developed for 157 nm and 193 nm lithographies. These polymers have been described previously [12] [13] [14] [15] and are presented in Table 2 . Typical PAG and base quencher loading levels were used. The base quencher 1-piperidineethanol was added at 0.2 wt % relative to the polymer. Triphenyl sulfonium triflate PAG was loaded at 5 wt % relative to the polymer except for LUVR-99474; LUVR-99474 has an identical formulation to LUVR-99494 expect that the PAG used was tbutyl diphenyl iodonium nonaflate. 
Processing
All resists were spun to a thickness of 60 nm on BARC-coated wafers, except for the EUV wafers which were bare Si with a hexamethyldisilazane (HMDS) treatment. The 157 nm and 193 nm exposures used 4" wafers, the 248 nm wafers were 6", the Intel EUV wafers were 12", and the remaining wafers were 8". Simulations were performed for each wavelength over a range of typical n & k values to find an optimal BARC thickness which minimized the negative effects of substrate reflection on the intensity profile (see Figure 1) . The BARC i-CON-16 from Brewer Science was used at 590 nm thickness for the 299 nm exposures. Brewer Science BARC DUV-46 was used at 162 nm thickness for the 265 nm exposures and 165 nm thickness for the 232 nm exposures. Rohm and Haas BARC AR3 at 62 nm thickness was used for both the 157 nm and 248 nm exposures. ARC29A from Brewer Science was used at a thickness of 79 nm for the 193 nm exposures.
Figure 1 -Simulations of resist cross sections under 300 nm exposure where z is perpendicular to the wafer and the color denotes the relative intensity compared to that with no substrate reflections. The top profile is for a typical resist exposed with no BARC; there is little intensity near the substrate and the average intensity is nearly doubled what it would be if there were no substrate reflection. The middle profile shows the expected intensity if there were no substrate reflections. The bottom profile is the intensity with an optimized BARC. For some wavelengths the profile shape with the BARC did not match the ideal profile, but the maximum, minimum, and average intensities were reasonably well matched to the ideal profile.
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The processing conditions for the model resists were a post-apply bake (PAB) of 130ºC/60s, a post-expose bake (PEB) of 130ºC/90s, and a 20s develop in 2.38% tetramethylammonium hydroxide (TMAH). The commercial resists processing conditions varied with resist, with a PAB from 110ºC -130ºC for 60 -90s, a PEB from 110ºC -130ºC for 60 -90s, and a 48s develop in 2.38% TMAH (except the MIT-LL exposures used their standard 20s develop recipe).
Exposure
The 232 nm, 265 nm, 299 nm, 336 nm, and 365 nm exposures were performed at Intel using a HgXe lamp and wavelength filters which have a 50% bandwidth of approximately 10 nm. The lamp was a Newport Oriel ® Flood Exposure Housing (model 92511) with a Digital Exposure Control (DEC) unit (model 68945) and a 1 kW HgXe bulb. The DEC was calibrated at each wavelength using a Coherent PS-10 Thermopile Sensor. The 157 nm, 193 nm, and 248 nm exposures were performed at Lincoln Laboratories. The 157 nm and 193 nm exposures used a laboratory-class projection system employing F 2 and ArF lasers respectively. The 248 nm exposures were performed with a Canon EX-4 248-nm 0.6 NA stepper employing a KrF laser. The EUV exposures at 13.5 nm were performed on Exitech Microexposure tools equipped with a 180 nm silicon membrane spectral purity filter to block the DUV wavelengths; the model polymers were exposed at Sematech in Albany, NY and the commercial polymers at Intel in Hillsboro, OR 2 . The commercial resists were exposed at all of the above wavelengths. The model resists were only exposed at Sematech and MIT-LL (13.5 nm, 157 nm, 193 nm, and 248 nm).
To extract a clearing dose (E o ) standard contrast curve wafers were processed which consisted of open-field exposures with doses ranging from 0 mJcm -2 to doses above the clearing dose. To minimize substrate effects, E o was calculated by fitting all of the thickness vs. dose points between 14% to 80% thickness loss (relative to the non-exposed thickness) and extrapolating to zero thickness.
Transmission and n &k measurements
For the commercial resists, the film transmission (T%) was measured from 190-700 nm on a J. A. Woollam UV-VIS spectrometer after coating 3" quartz wafers with the resist and baking at the appropriate PAB condition. The film thickness (t) was measured on 4" silicon wafers which were processed in the same manner as the quartz transmission samples. The absorbance (base 10) was calculated using Equation 1
Equation 1 ( )
The uncertainty in the thickness is about 7 nm owing to a within-wafer thickness variation of about 5 nm and a wafer-towafer thickness variation of 5 nm; this factor leads to a relative uncertainty in the absorbance value of approximately 9%. For all of the resists the index of refraction and extinction coefficient (n & k) were measured from 150 -820 nm using a J. A. Woollam VUV-VIS spectrometer and the absorbance calculated using Equation 2, . The absorbance derived from k was used in the plots presented in this paper. Figure 2 displays the wavelength trend of the clearing dose (E o ) for each resist relative to the clearing dose at EUV. (We believe that the outlier at 232 nm for PS-Acrylate(C)-8 is an artifact of a degraded material sample.) The resists did not clear at 336 nm or 365 nm for applied doses up to 300 mJcm -2 ; this is expected since the resists were found to be transparent above 300 nm, such that few photons are absorbed resulting in no discernable photoactivity. All of the resists are very slow when exposed to 299 nm (from 4x to 40x slower than at EUV) owing to the relatively low absorption at that wavelength. The resists sensitivities at 248 -265 nm are comparable to those at EUV with E o values ranging from ½ to 2.6x that at EUV. The resists tend to be more sensitive to light between 157 nm and 232 than to EUV, up to 13x faster (excluding the single outlier which appears to be much faster). We define an envelope encompassing the fastest resists (relative to EUV) illustrated by the dashed line in Figure 2 ; the inverse of this envelope is shown in Figure 3 . The correlation between the clearing dose and absorbance is highlighted in Figure 4 - Figure 6 . The overall trend, for a resist thickness of 60 nm, is that increased absorbance correlates with increased sensitivity. For resists with absorbance values which are approximately the same order of magnitude, the sensitivity is determined by more subtle resist characteristics such as PAG and base loadings, the protecting group, monomer ratios, and side reactions (such as crosslinking and chain scission). 
RESULTS AND DISCUSSION
Resist Clearing
ADDITIONAL ANALYSIS
To assess the impact of resist sensitivity, we couple the worst case resist sensitivity curve (relative to EUV) with expected source output and mirror reflectivity data. The actual spectral output of the source depends on the type of source, the operating conditions, and the configuration [7] [8] [9] [10] . Data representing one typical source spectral output is presented in Figure 7 ; the data were generated assuming a blackbody radiator at a temperature of 10 eV using Equation 3, consistent with Namba et al. for a Sn laser-produced plasma source 8 . Some data show that the amount of OOB radiation produced in the range 140 -400 nm is approximately 10 -20% of the in-band radiation at 13.5 nm with a 2% bandwidth; other data estimate the DUV-IR power to be 30-70% of the in-band power [16] [17] [18] [19] . For this example we assume the OOB power to be 20% of the in-band power and assume a flat spectral distribution near EUV. The assumption of a flat spectral distribution is of little consequence because the EUV bandwidth is only 0.27 nm.
Radiation Generated at OOB Wavelengths 0.0E+00 For the OOB optic reflectivity we use reflectance data measured on a standard Ru-coated EUV mask, displayed in Figure 8 (a). We assume that this reflectivity applies to each of the mirrors in the system. The actual reflectivity of the mirrors depends on several factors including the details of the multilayer capping layer (both the thicknesses and material). For this example we assume an 11 mirror system and raise the single mirror reflectivity to the 11 th power as displayed in Figure 8(b) . The number of mirrors that will be used on an actual manufacturing tool will likely be different. The reflectivity of a typical MLC mask near 13.5 nm is shown in Figure 9 . (a) (b) Figure 9 -(a) The spectral reflectivity in the wavelength region near 13.5 nm for a Ru capped multilayer (provided courtesy of NIST) and (b) the expected system throughput obtained by assuming an 11 mirror system with each mirror having the reflectivity profile shown in (a).
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Combining the data presented in Figure 7 - Figure 9 provides an estimate for the spectral power distribution at the wafer plane ( Figure 10 ). This would result in the OOB power delivered to the wafer plane being 0.5% of the in-band power. This result can change by over 2 orders of magnitude by changing the input data, including the source spectral output, the mirror reflectivity, and the number of mirrors. To estimate the effect this OOB power has on the resist we use the envelope encompassing the fastest resists (relative to EUV) presented in Figure 3 . Although this is a reasonable assumption based on available data, not all possible resists have been explored and new resists will likely be developed which may shift the envelope. Multiplying the relative resist envelope by the OOB power reaching the wafer plane (relative to in-band power) yields the data shown in Figure 11 . The resulting impact of OOB radiation incident on the resist would be 2.6% of the in-band; this was calculated by taking the area under the curve in Figure 11 (0.007) and dividing it by the relative EUV power (0.27). The data suggests that the primary OOB region of concern for maximizing resist contrast is 160 -240 nm (FWHF) and to a lesser extent the wavelength range 140 -300 nm. Below 160 nm the system reflectivity drops dramatically based on the data in Figure 8 . Above 240 nm the source output power quickly reduces based on the data in Figure 7 . Also, the resists start to become insensitive somewhere between 265 -299 nm.
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Wavelength (nm) Figure 11 -The OOB sensitivity of resists relative to EUV multiplied by the relative OOB power at the wafer plane relative to EUV. This illustrates that the main wavelengths of concern are between 160 -240 nm.
To demonstrate how the system parameters can change the results, the OOB reflectivity for various capping layers is shown in Figure 12 (a) (data provided by Fraunhofer Institute, IOF, Jena) 20, 21 . The resulting affect in resist is displayed in Figure 12 (b). Figure 12 -(a) The MLC reflectivity for various capping layers (provided by Fraunhofer Institute, IOF, Jena) and (b) the resulting impact in resist at the wafer plane. Although the 1 nm Ru and 2 nm TiO 2 capping layers diverge on the reflectivity plot, the expected impact in resist is nearly identical.
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DISCUSSION AND CONCLUSIONS
The relative sensitivity of EUV resists to out of band radiation in the spectral range 157 -400 nm was measured for 13 EUV resists spanning a wide range of resist platforms and formulations. We found that many of the general trends identified by Mbanaso et al. 5 apply to the expanded data set, specifically that for a given resist the sensitivity tracks with absorbance, that resist sensitivity decreases dramatically for wavelengths approaching 300 nm, and that sensitivity is negligible for longer wavelengths (which is expected owing to the low absorbance at the higher wavelengths). We also found that for resists with absorbance values on the same order of magnitude, the resist sensitivity is determined by other aspects of the resist formulation (such as the protecting group, PAG, and base quencher). However, one can reasonably estimate the OOB sensitivity of the resists measured (to within about an order of magnitude) in the measured wavelength range using resist absorbance values. Within the wavelength region explored the greatest concern is near 160 -240 nm based on current resist sensitivity characteristics.
However, one must be careful interpolating the data between 13.5 -157 nm. Under EUV exposure PAGs are predominately activated by secondary electrons. The secondary electron yield (SEY) in resist increases with decreasing wavelength 22 . There is a gap in resist sensitivity data in the wavelength region 13.5 -157 nm. Furthermore, other concerns may motivate modifying the source spectral profile. For example, data suggests that lower wavelengths contribute disproportionately to the rate of contamination accumulation on EUV mirrors 23 .
There are several options for reducing the amount of OOB radiation incident on the wafer plane. Mirror coatings could be tuned by varying material and thickness to change the spectral reflectivity characterisics 21, 24 . A thin membrane spectral purity filter could be implemented, 19, 25 or a diffraction grating could be used to filter unwanted wavelengths. However, each potential solution will have some impact on the in-band throughput so any solution should take into account the potential impact in resist
